Introduction {#Sec1}
============

Strain engineering in graphene has been proven as an effective method for modifying its electronic structure due to the remarkable feature of Dirac fermions, such as bandgap opening and pseudo-magnetic fields (PMFs) generation^[@CR1]^. The introduced strain can induce local changes of Dirac point position at low-energy, and always together with lattice distortions that will change the electron hopping in graphene. That phenomenon can be equivalence of gauge field imitating the electron behavior in real magnetic field, unveiling the signatures of Landau quantization^[@CR2],[@CR3]^. The strain-induced PMFs conserve the time-reversal symmetry unlike real magnetic field and have opposite signs in the K and K' valleys of graphene forming the low-energy electronic band structure^[@CR4]^. In consequence, the gauge field can be used as a building block for valleytronic device^[@CR5]^ or the realization of the Aharonov--Bohm effect by building STM interferometer in strained graphene^[@CR6]^. The creation of graphene nanobubbles (GNBs) has been proven as an efficient strategy for strain engineering of graphene, thus generating the enormous PMFs^[@CR7],[@CR8]^. For instance, the unconsciously introduced GNBs with the triangular shape on a Pt(111) surface exhibit large uniform PMFs up to 300 T at room temperature^[@CR7]^, which was not ever obtained previously. Diverse methods had been proposed to create graphene nanobubbles including gas ion irradiation^[@CR7]--[@CR11]^, electric field stimulus^[@CR12]--[@CR14]^, water splitting^[@CR15]^, or intense laser irradiation^[@CR16]^. However, all proposed methods have the limited capability in the manipulation of GNBs including position definition, size control, and shape design, thus greatly impeding the exploration of the relevant physics phenomenon and the practical application of GNBs, though the enormous PMFs exist.

Here, rendered by the accuracy of AFM, the programmable GNBs with the tunable size and shape have been successfully obtained on germanium substrate at the pre-defined locations. With controlling the voltage applied on AFM tip, the contour of bubbles can gradually transform from parabolic profile to Gaussian profile, and the diameter of bubbles can be tuned from tens to hundreds of nanometers. Moreover, higher-resolution scanning tunneling microscopy/spectroscopy (STM/S) reveal that the strain-induced three-fold symmetric pseudo-magnetic field with monotonous regularity exists in GNB with approximately parabolic shape, which is only theoretically predicted previously.

Results {#Sec2}
=======

Programmable GNBs created by AFM tip {#Sec3}
------------------------------------

Facilitated by the energized AFM tips, GNBs with the expected size and shape are produced on the monolayer graphene grown on an intrinsic Ge(110) surface (see Methods), as shown in Fig. [1](#Fig1){ref-type="fig"}. It is known that hydrogen terminated surface is usually formed when graphene is grown on a clean Ge(110) surface by chemical vapor deposition^[@CR17]^, as characterized by phase-sensitive sum-frequency vibrational spectroscopy (see Supplementary Note [1](#MOESM1){ref-type="media"} and Supplementary Fig. [1](#MOESM1){ref-type="media"}). Due to the low Ge--H bond energy^[@CR18]^, the hydrogen atoms desorb easily as a local stimulus with negative bias is applied by AFM tip, then evolve into hydrogen molecules^[@CR19],[@CR20]^. Enveloped by the impetrative monolayer graphene, GNBs filled with the released hydrogen molecules will form subsequently as schematically illustrated in Fig. [1a](#Fig1){ref-type="fig"} and confirmed by pressure test (see Supplementary Note [2](#MOESM1){ref-type="media"} and Supplementary Fig. [2](#MOESM1){ref-type="media"}). Induced by AFM tip with −5 V bias, a typical GNB with \~50 nm basal radius and \~6 nm height is presented in Fig. [1b](#Fig1){ref-type="fig"}. It should be noted that the GNB starts to form at −4 V, which corresponds to the low threshold voltage for GNB formation. Our further experiment shows that the cracking GNBs are always formed at the tip bias above −12 V due to the excessive hydrogen molecules enveloped, corresponding to the high threshold voltage for the formation of GNBs (Supplementary Fig. [3](#MOESM1){ref-type="media"}). For a positive tip bias, hydrogen atoms are unable to be desorbed, therefore, no GNBs can be formed (Supplementary Fig. [4](#MOESM1){ref-type="media"}). In addition, the morphologies of GNBs are less influenced by the energized time and pressure (Supplementary Fig. [5](#MOESM1){ref-type="media"}), which is different from laser-induced thermal desorption^[@CR21],[@CR22]^ and oxidation nanolithography^[@CR23],[@CR24]^. The superior maneuverability of AFM tip provides endless possibilities to achieve programmable array of bubbles using a series of preset coordinates. Figure [1c](#Fig1){ref-type="fig"} shows a graceful BUBBLE pattern assembled by GNBs with different height and radius obtained by AFM working under the contact mode (see Supplementary Note [3](#MOESM1){ref-type="media"} and Supplementary Movie [1](#MOESM3){ref-type="media"} for detail). As summarized in Fig. [1d](#Fig1){ref-type="fig"}, when the tip bias changes from −4 to −9 V, the height and radius of bubbles increase accordingly. In addition to the contact mode, the AFM tip operated under the ramp mode provides more agility to achieve programmable array of GNBs automatically. By pre-setting the tip coordinates, the tip bias and the ramp parameters, the formation of graphene bubbles with the designed pattern will be formed under the guidance of the automatic AFM tip (see Supplementary Note 4 and Supplementary Movie [2](#MOESM4){ref-type="media"} for detail). For instance, the complicate corral pattern, which is well known for the manipulation of iron atoms on a copper surface^[@CR25]^, can be duplicated by the assembly of GNBs created by automatic AFM tip as well (Fig. [1e](#Fig1){ref-type="fig"}, see Supplementary Note [5](#MOESM1){ref-type="media"} and Supplementary Fig. [6](#MOESM1){ref-type="media"}). Besides, by multiple scans in the pre-defined area, other than circular GNBs, both linear and rectangular GNBs can be created (Supplementary Note [6](#MOESM1){ref-type="media"} and Supplementary Fig. [7](#MOESM1){ref-type="media"}).Fig. 1GNBs induced by AFM tip. **a** Schematic illustration of GNBs induced by AFM tip. **b** A GNB induced by AFM tip with the tip voltage of −5 V. **c** BUBBLE pattern of GNBs created by AFM tip with the voltage from −4 to −9 V scanning at the contact mode. **d** Height and basal radius extracted from AFM 3D images in **c** as a function of the tip bias. Source data are provided as a Source Data file. **e** Corral pattern of GNBs created by AFM tip working at the ramp mode. The tip voltages applied to create GNBs located at inner, middle, and outer loops are −6 V, −7 V, and −8 V, respectively

The contour of Programmable GNBs {#Sec4}
--------------------------------

In addition to the tuning of height and radius of GNBs, their contour can also be customized by the applied voltage, thus further regulating the strain distribution of GNBs^[@CR26]--[@CR28]^. Figure [2a](#Fig2){ref-type="fig"} shows a series of GNBs with the height increment from 2.5 to 25 nm corresponding to the tip bias changing from −4 to −11 V. Besides the increment of height, a gradual transition of GNB profile is also observed, as shown in Fig. [2b](#Fig2){ref-type="fig"} (see Supplementary Note [7](#MOESM1){ref-type="media"} and Supplementary Fig. [8](#MOESM1){ref-type="media"}). The contour of small GNBs (*R* \< 50 nm) can be well fitted by a parabolic curve written as$$\documentclass[12pt]{minimal}
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In addition, the shape of bubbles is determined by the adhesion energies, which is related to the vdW force between graphene and the substrate. ref. ^[@CR10]^ concludes a universal law of *h*~max~/*R* considering the stress $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{{h_{{\mathrm{max}}}}}{R} = \left( {\frac{{\pi \gamma }}{{5cY}}} \right)^{1/4}$$\end{document}$$where *γ* is the adhesion energies between graphene and the germanium, the coefficient *c* ≈ 0.7. Figure [2c](#Fig2){ref-type="fig"} shows the aspect ratio *h*~max~/*R* behaves approximately as a constant, 0.08, on a wide range of radius or volume. This value is comparable to the aspect ratio *h*~max~/*R* ≈ 0.11 for circular GNBs (*R* \> 50 nm), *h*~max~/*L* ≈ 0.07 for triangular GNBs (1000 nm \> *L* \> 500 nm) obtained on hBN substrate experimentally^[@CR10]^, or 0.18 for small GNBs filled with helium gas in the graphene interlayer^[@CR11]^. The similar aspect ratios *h*~max~/*R* suggest the adhesion energy between graphene and hydrogen terminated Ge surface is quite small^[@CR17]^. Besides, the transition of GNB from the parabolic profile to the combination of parabolic and Gaussian profile may attribute to the change of vdW interactions, which strongly depend on the distance, *h*, between the graphene and substrate, and could be trivial in experimental scales for large GNB. For small GNB with the height *h*~max~ \< 5 nm, the vdW force on the center deflection of GNB may exist though is not comparable to that at the edge of round base of GNB^[@CR30],[@CR31]^. Due to the clamping effect at the bubble edge and the internal hydrogen gas pressure, the GNB with parabolic profile is formed. However, when the height of GNB *h*~max~ \> 5 nm, the vdW force on the center deflection of GNB is negligible^[@CR32],[@CR33]^ and the corresponding constriction effect disappears. However, the clamping effect at the bubble edge still exists. Therefore, the profile of central part of large bubble transits from the parabolic profile to Gaussian profile, but the parabolic profile near the edge of round base of GNB preserves, as observed in Fig. [2b](#Fig2){ref-type="fig"}.

The pseudo-magnetic fields in GNB {#Sec5}
---------------------------------

The lattice distortion in GNB creates non-uniform strain distribution, which will modify the low-energy electronic band structure of graphene and change the electron hopping amplitude between carbon atoms, in an equivalent way to the effect of real magnetic fields applied perpendicular to the graphene plane, as known as PMFs^[@CR1]^. Figure [3a](#Fig3){ref-type="fig"} and b show the STM topography of a representative circular graphene bubble on Ge(110) surface induced by the AFM tip with the voltage of −4 V. From the 3D topographic image as shown in Fig. [3a](#Fig3){ref-type="fig"}, one could identify an axisymmetric bubble with an approximately parabolic profile of the basal radius \~13.5 nm and the height \~1 nm. Spatially resolved STS is performed to validate the presence of the strain-induced PMFs. Figure [3c](#Fig3){ref-type="fig"} shows a series of d*I*/d*V* spectra collected at different rotational angles (denoted as colored diamond points shown in Fig. [3b](#Fig3){ref-type="fig"}) along the second circle line counter-clockwisely, and all the spectra exhibit a Dirac-like band structure. It is surprising to observe a series of aperiodic resonances in the tunneling conductance at some peculiar angles, such as 30°, 75°, 90°, 130°, 150°, 210°, 225°, and 270°, while the spectra measured at other angles labeled as 0°, 180°, 300°, exhibit no distinct peaks. The non-equally-spaced resonances eliminate quantum confinement and quasi-bound states as the possible origin of the peaks^[@CR1],[@CR34]--[@CR37]^. We attribute these peaks to pseudo-Landau levels (pLLs) caused by strain-induced pseudo-magnetic fields^[@CR7],[@CR14]^. In strained graphene, lattice deformation can create PMFs, which affect the behavior of massless Dirac fermions, thus yielding zero-field pLLs quantization. Similar to the influence of a real magnetic field, the PMF gives rise to a sequence of quantized pLLs:$$\documentclass[12pt]{minimal}
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Here, *E*~Dirac~ is the energy of Dirac point, e is the electron charge, ℏ is the reduced Planck's constant, n is the level index, $\documentclass[12pt]{minimal}
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Discussion {#Sec6}
==========

It is noticeable that the PMF in the bubble is distributed unevenly and dependent on rotational angles. To illuminate the specific distribution of the PMF, several tens of tunneling spectra (see Fig. [3c](#Fig3){ref-type="fig"}, Supplementary Note [8](#MOESM1){ref-type="media"} and Supplementary Figs. [9](#MOESM1){ref-type="media"} and [10](#MOESM1){ref-type="media"}) were measured at different angles (denoted as triangles/diamonds) along all three circle lines 1--3 in Fig. [3b](#Fig3){ref-type="fig"}, and then the \|**B**~S~\| data corresponding to each tunneling spectrum can be extracted by linear fitting of the PMFs using Equation ([4](#Equ4){ref-type=""}), as summarized in Fig. [4](#Fig4){ref-type="fig"}. It manifests that the absolute values of the \|**B**~S~\| field distribute from 0 to 125.7 T, where the maximum PMFs is the same order of magnitude to that for graphene nanobubbles randomly formed on Pt(111) surface^[@CR7]^. Moreover, intriguingly, the maxima of the field occur near the angles of which the interval is nearly 60° at both the edge and the center of GNB, such as 30°, 90°, 150°, 210°, and 270°, and the values diminish and even vanish to zero at the angles between two adjacent ones, such as 60° and 180°. Such the evolution has a six-fold (every 60° in circle lines) symmetry, which can be described by the function \|**B**~S~\| = \|121sin(3*θ*)\|. Similar \|*B*~*s*~\| distribution have also been observed in different GNBs with distinct heights and radii (see more details in Supplementary Note [8](#MOESM1){ref-type="media"} and Supplementary Figs. [11](#MOESM1){ref-type="media"} and [12](#MOESM1){ref-type="media"}). We attribute the unusual six-fold symmetric \|**B**~S~\| field to the PMF with three-fold symmetry due to a sign change between two consecutive maxima, which is only theoretically predicted previously^[@CR27],[@CR41],[@CR42]^.Fig. 4Three-fold symmetric PMF as a function of rotational angles. The experimental \|**B**~S~\| data extracted from all diamonds and triangles on circle lines 1--3 in Fig. [3b](#Fig3){ref-type="fig"} exhibit a six-fold symmetric distribution, which can be well fitted by the function \|**B**~S~\| = \|121sin(3*θ*)\|, indicating the presence of three-fold symmetric PMF with alternating signs in GNB. Error bars represent the experimental uncertainties (s.d.) in determining the angles (in *x*-axis) and extracted \|**B**~S~\| values (in *y* axis). Source data are provided as a Source Data file

The significant lattice deformation in GNBs could generate an inhomogeneous strain field, which leads to an effective non-uniform PMF. The previous theoretical works have predicted that a rotationally symmetric strain field could be induced in circular GNB and results in a three-fold PMF (or **B**~S~) with alternating signs^[@CR14],[@CR27],[@CR41],[@CR42]^. Here it should be noted that, the distribution of PMF in our experiment only change as the rotational angle changes, but keep constant for the certain rotational angle even when the distance between the measured position and the bubble edge varies, which is different from the predicted three-fold symmetric PMF occurring only at the bubble edge^[@CR27]^. The discrepancy may be due to the fact that, unlike the theory prediction, the GNBs with the strictly parabolic shapes could not been obtained in the real experiment, and the configuration complexity of the approximately parabolic GNB including the loss of axisymmetry and the anisotropy of strain may play a crucial role in the formation and modulation of the local PMF distribution. Moreover, GNBs can also be created by AFM tip on other substrates pre-hydrogenated, e.g., SiO~2~ or Si substrate (see Supplementary Note [9](#MOESM1){ref-type="media"} and Supplementary Figs. [13](#MOESM1){ref-type="media"} and [14](#MOESM1){ref-type="media"}). As GNBs with the designed size, shape and pattern are easily created by AFM tips, therefore, it is expected that PMFs with the designed distributions can be formed in the graphene on various substrates.

In summary, facilitated by the accuracy of AFM, we present a strategy to realize the programmable GNBs with the designed pattern, and the size and shape of GNB can be tuned by the stimulus voltage applied on AFM tip. Distinct pLLs spectra caused by strain-induced PMFs are observed at GNB by STS measurements, and the PMFs distributed across GNB with an approximately parabolic profile exhibits three-fold symmetry pattern. AFM-facilitated creation of programmable GNBs with enormous pseudo-magnetic fields is expected to provide a unique platform for studying physical phenomena of two dimensional materials under high magnetic field regimes not existing in the reality.

Methods {#Sec7}
=======

Preparation of graphene film on Ge(110) {#Sec8}
---------------------------------------

Intrinsic Ge(110) wafers (TaiCrystal, \>50 ohm.cm, 400 μm thickness) were used in the experiments. The graphene film was synthesized on Ge(110) substrate by chemical vapour deposition in a horizontal tube furnace with H~2~: CH~4~: Ar = 0.7: 23: 220 sccm at the growth temperature of 916 °C for 300 min. Bruker Multimode 8 system was utilized to create the GNBs and measure the morphologies of the GNBs at ambient conditions (temperature \~22 °C, relative humidity \~30%). During the graphene bubbles fabrication, Pt/Ir coated silicon AFM tips with radius of curvature \~30 nm (ANSCM-PC with k = 0.4 N/m, APPNANO) were chosen.

STM and STS measurement {#Sec9}
-----------------------

An ultrahigh vacuum scanning probe microscope (USM-1400S) from UNISOKU was utilized for STM and STS measurements. Both STM and STS measurements were performed in the ultrahigh vacuum chamber (∼10^−11^ Torr) with constant-current scanning mode at liquid-nitrogen temperature of ∼77 K. The STM tips were obtained by chemical etching from a wire of Pt~0.80~Ir~0.20~ alloys. Lateral dimensions of the STM images were calibrated using a standard graphene lattice as well as a Si(111)-(7 × 7) lattice, and, the STS spectra were calibrated using Ag(111) surface. The STS spectra, i.e., the d*I/*d*V* curves, were collected with a standard lock-in technique by turning off the feedback circuit and using a 793-Hz 5 mV a.c. modulation of the sample voltage.

Supplementary information
=========================

 {#Sec10}

Supplementary Information Description of Additional Supplementary Files Supplementary Movie 1 Supplementary Movie 2

Source Data

**Peer review information:** *Nature Communications* thanks Babak Eslami, Stephen Power and other anonymous reviewer(s) for their contribution to the peer review of this work.

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

These authors contributed equally: Pengfei Jia, Wenjing Chen, Jiabin Qiao.

Supplementary information
=========================

**Supplementary Information** accompanies this paper at 10.1038/s41467-019-11038-7.

Research was supported by Program of National Science and Technology Major Project (2016ZX02301003), Shanghai Academic/Technology Research Leader (16XD1404200), Key Research Project of Frontier Science, Chinese Academy of Sciences (QYZDB-SSW-JSC021), National Natural Science Foundation of China (61851401), and the Strategic Priority Research Program (B) of the Chinese Academy of Sciences (Grant No. XDB30030000).

Z.D., L.H., M.Z. and X.W. conceived the project. P.J., W.C., X.Z. and Z.D. designed and performed the experiments. P.J. created the graphene nanobubbles and AFM measurement. W.C. performed the STM and STS measurement. R.L. and C.T. performed the phase-sensitive sum-frequency vibrational spectroscopy test. P.J., W.C., Z.D., Z.X., J.Q. and L.H. performed the data analysis and co-wrote the paper. All authors discussed the results and commented on the manuscript.

All data that support the findings of this study are available from the corresponding author upon request. In addition, the source data underlying Figs. [1d](#Fig1){ref-type="fig"}, [2b](#Fig2){ref-type="fig"}, c, [3c, d](#Fig3){ref-type="fig"} and [4c](#Fig4){ref-type="fig"} and Supplementary Figs. [1](#MOESM5){ref-type="media"}, [9a](#MOESM5){ref-type="media"}, b, [10a](#MOESM5){ref-type="media"}, b, [11c--e](#MOESM5){ref-type="media"} and [12c--e](#MOESM5){ref-type="media"} are provided as a Source Data file.

The authors declare no competing interests.
